Sorting nexins are PX domain-containing proteins that bind phospholipids and often act in membrane trafficking where they help to select cargo. However, the functions and cargo specificities of many sorting nexins are unknown. Here, a high-throughput imaging screen was used to identify new sorting nexin cargo in the yeast Saccharomyces cerevisiae. Deletions of 9 different sorting nexins were screened for mislocalization of a set of green fluorescent protein (GFP)-tagged membrane proteins found at the plasma membrane, Golgi or endosomes. This identified 27 proteins that require 1 or more sorting nexins for their correct localization, 23 of which represent novel sorting nexin cargo. Nine hits whose sorting was dependent on Snx4, the sorting nexin-containing retromer complex, or both retromer and Snx3, were examined in detail to search for potential sorting motifs. We identified cytosolic domains of Ear1, Ymd8 and Ymr010w that conferred retromer-dependent sorting on a chimeric reporter and identified conserved residues required for this sorting in a functional assay. This work defined a consensus sequence for retromer and Snx3-dependent sorting.
| INTRODUCTION
Sorting nexins are a conserved class of proteins defined by a phosphoinositide-binding phox homology (PX) domain that play a role in membrane trafficking at endosomes. 1, 2 Many sorting nexins are involved directly or indirectly in the recognition of cargo proteins. 2, 3 A subset of sorting nexins, termed "sorting nexin-Bin, Amphiphysin, Rvs (SNX-BAR)" proteins, have membrane deforming BAR domains and couple cargo recognition to the formation of tubular carriers. [4] [5] [6] Other sorting nexins act as adaptors to expand the set of cargo recognized, and rely on other proteins for membrane bending and carrier formation. 3, 7 Mammalian cells have 49 PX domain proteins, while budding yeast have 15, of which 7 have established roles in protein sorting. 1 The best characterized yeast sorting nexins, Vps5 and Vps17, form a SNX-BAR dimer that associates with a cargo selective subcomplex consisting of Vps26, Vps29 and Vps35 to form the pentameric retromer complex. 7 Retromer recognizes sorting signals on endosomal cargo, sequestering them in tubules that eventually undergo scission and transport to the late Golgi. 7, 8 Other sorting nexins contribute to retromer function. Mvp1 is a poorly characterized SNX-BAR protein that may facilitate the scission of retromer tubules, whereas Snx3 is an accessory protein that binds retromer and recognizes specific cargos. 3, 8 Recently, Snx3 was shown to help recruit the retromer complex to endosomes, suggesting Snx3 enhances retromer function independent of its cargo recognition properties. 9 The 3 other SNX-BAR proteins (Snx4, Snx41, Atg20) form 2 distinct retromer-independent complexes (Snx4-Snx41 and Snx4-Atg20)
that mediate the early endosome-to-Golgi trafficking of cargos such as Snc1 and Can1. 10, 11 Snx4 and Atg20 also play a poorly understood role in the initiation of the autophagic cytoplasm-to-vacuole targeting (CVT) pathway. [12] [13] [14] Five other yeast PX-domain proteins are not
Abbreviations: BAR, Bin, Amphiphysin, Rvs; CMAC, 7-amino-4-chloromethylcoumarin; CPY, carboxypeptidase Y; CVT, cytoplasm-to-vacuole targeting; FM4-64, N-(3-Triethylammoniumpropyl)-4-(6-(4-(Diethylamino) Phenyl) Hexatrienyl) Pyridinium Dibromide; DIC, differential interference contrast; GFP, green fluorescent protein; MVB, multivesicular body; PX, phox homology; RFP, red fluorescent protein; SEM, standard error of the mean; SNX, sorting nexin; SPRY, Spla, Ryanodine; vSNARE, vesicle soluble NSF attachment protein receptor involved in cargo recognition and include a phospholipase (Spo14), 15 cell polarity regulators (Bem1, Bem3), 16 ,17 a vacuolar vSNARE (Vam7) 18 and an ER-vacuole contact site scaffold (Mdm1). 19 Still other PX domain proteins have no known function (Ykr078w,
Ypr097w and Ypt35).
Consensus sorting signals recognized by yeast sorting nexins and their associated proteins have not been clearly defined. Retromerdependent signals, which typically consist of short motifs that contain bulky aromatic residues, include YSSL in Vps10, 20 WKY in Stv1, 21 and FxFxD in Ste13. 22 Each of these sorting signals is proposed to bind distinct sites in the retromer subunit Vps35. 21, 23, 24 Snx3 can interact with additional sequences in the iron transporter Fet3/Ftr1, and is required for the sorting of Ste13 and Kex2, but not Vps10. 3, 25 In contrast, sorting signals recognized by Snx4, Snx41 and Atg20
have not been identified. Snc1 recycling at endosomes requires its transmembrane domain, and may also be influenced by membraneproximal residues. 26 While we have begun to understand the pathways in which sorting nexins function, the diversity of cargo recognized by sorting nexins has not been delineated, and the consensus sorting motifs have not been defined. Here, we use a systematic imaging approach, previously referred to as "pairing analysis of cargo receptors," 27 to discover new sorting nexin cargo in Saccharomyces cerevisiae. This screen identified 27 putative cargos of the retromer and Snx4 sorting pathways. Cytosolic domains from several cargos were able to confer Snx3 and/or retromer-dependent sorting on a chimeric reporter protein. Sorting signals mapped in these domains identify a consensus motif that directs sorting in a Snx3 and retromer-dependent pathway.
| RESULTS

| A screen for sorting nexin cargo selectivity
To identify new sorting nexin cargo, we used high-throughput microscopy to systematically examine the effect of deleting sorting nexins on a panel of transmembrane domain-containing proteins. We tested 9 sorting nexins and 1 associated protein (Vps35) with roles in endosome-to-Golgi retrograde transport (Snx4, Snx41, Atg20, Vps5, Vps17, Vps35, Snx3 and Mvp1), 3, 8, 10, 28 the cytoplasm to vacuole targeting pathway (Snx4, Atg20) 14 or with unknown functions (Ypt35, Ykr078w) ( Figure 1A ). Other PX domain-containing proteins unlikely to be involved in cargo recognition were excluded. Candidate cargo proteins were defined as containing at least 1 predicted transmembrane domain and localizing to the plasma membrane, Golgi or endosome in a high-throughput study 29 ( Table S1 , Supporting Information). Each sorting nexin deletion strain was mated to an array of 167 strains expressing green fluorescent protein (GFP)-tagged cargo ( Figure 1B ). Haploid yeast were selected using a synthetic genetic array procedure, 30 transferred to liquid culture in 384-well plates and imaged using an automated microscopy platform. The resultant images were manually scored for changes in localization relative to a wild type control on a 4-point scale (Table S2) .
Each GFP-tagged protein that showed moderate-to-severe localization defects in the initial screen (score > 2) was re-examined in wild-type cells and vps35, snx3, snx4 and mvp1 mutants. The vps35 deletion was used to evaluate loss of retromer, as it does not exhibit the vacuolar fragmentation characteristic of vps5 and vps17 deletions.
We also re-tested any GFP-tagged protein that showed mild defects in several mutants from the same pathway (combined score snx4 + snx41 + atg20 ≥ 3, or snx3 + vps5 + vps17 + vps35 ≥ 3). Putative ykr078w and ypt35 hits were re-tested only in wild-type cells and the respective deletions. The small-scale imaging yielded a refined hit list of 27 proteins dependent on the Snx4 pathway, retromer, Snx3
and/or Mvp1 for localization ( Figure 1C and S1A,B). No cargo requiring Ypt35 or Ykr078w was identified on re-testing, indicating these proteins may not be involved in cargo sorting, or that they have functional backup.
Examining the phenotypic overlap between the different sorting nexin mutants ( Figure 1C) showed that all Snx3 cargos were also dependent on retromer for localization, supporting the role of Snx3 as a dedicated retromer adaptor. 3 Furthermore, no cargo was identified that required both retromer and Snx4/41 for localization, consistent with reports that these complexes mediate distinct pathways.
10 Surprisingly, loss of Mvp1, a protein that plays a role in retromer tubule scission, 8 did not have uniform effects on all retromer cargos. For example, Vps10-GFP accumulated in bright puncta in a mvp1 strain, whereas Ymd8-GFP was less affected ( Figure S1 ).
Moreover, the localization of some Snx4/41 cargo appeared to be altered in mvp1 mutants. We found a similar degree of overlap between Mvp1-GFP and Vps17-red fluorescent protein (RFP) or Snx4-RFP (52.0% and 49.6%, respectively), which was significantly different from the overlap with the Golgi marker Sec7-RFP (4.1%; unpaired two-tailed t test P < 1 × 10
, n = 3). This indicates that Mvp1 may also facilitate the scission of Snx4-dependent carriers.
Of the 27 hits, 4 were previously identified sorting nexin cargo (Pep1, Stv1, Kex2, Vth1). 7, 20, 21, 25 Missing from our hits were 4 known cargo not localized by Huh et al (Pep12, Ste13, Snc1, Wsc1), one whose sorting is nutrient-dependent (Ftr1), and another that was not recovered by our synthetic genetic array strategy (Can1). 3, 10, 11, 22, 29, 31 In total, this screen greatly expanded the number of candidate proteins sorted by yeast sorting nexins, identifying 23 putative cargos for future study.
| Identification of novel Snx4 cargo
The best characterized Snx4 cargo proteins are the vSNARE Snc1 and the arginine transporter Can1, which maintain their localization at the plasma membrane by recycling from early endosomes. 10, 11 Mammalian Snx4 was also proposed to sort proteins that function at the plasma membrane. 32 However, the 3 new candidate Snx4 cargos identified in our screen represent proteins with broad structural and functional diversity (Figure 2A ). Atg27 is a single pass transmembrane protein that is involved in initializing the autophagic cytoplasm-tovacuole targeting (CVT) pathway, and localizes to the phagophore assembly site, vesicles proximal to mitochondria, Golgi and endosomes. 33, 34 Pmp2 is a small proteolipid that regulates the plasma membrane H + -ATPase Pma1, 35 whereas Sft2 is a Golgi-localized multipass transmembrane protein thought to facilitate fusion with the late Golgi. 36 The localization of all 3 GFP-tagged proteins was strongly altered in a snx4 strain, and this mislocalization was rescued by a plasmid expressing SNX4 (Figure 2A ). In both snx4 and snx41 strains, but not in vps35, snx3 or atg20 cells, the proteins accumulated in bright intracellular structures that coincided with vacuoles observed by differential interference contrast (DIC) microscopy. To evaluate the degree of missorting in snx4, snx41 or atg20 strains, the localization of Sft2-GFP and Pmp2-GFP was quantified in cells labeled with the lipophilic
hexatrienyl) pyridinium dibromide (FM4-64), a vacuolar rim marker, and 7-amino-4-chloromethylcoumarin (CMAC), a vacuolar lumen marker ( Figure 2B -E). Quantification was done using a custom algorithm that identifies vacuolar features and measures overlap of a fluorophore with those features. Missorting of both Sft2-GFP ( Figure 2C ) and Pmp2-GFP ( Figure 2E ) to the vacuolar rims significantly increased in snx4 and snx41 (P < .04) but not atg20 strains.
As a secondary measure of missorting we assessed changes in puncta per cell for Sft2-GFP; a similar measure was not possible for Pmp2-GFP as it was not punctate in wild-type cells. We found a strong reduction of Sft2 puncta per cell in snx4 or snx41 cells (65%; P < .0002) and a milder, yet still significant, reduction in atg20 strains (42%; P < .02) ( Figure S2A ). Taken together, these data suggest that Snx4 and Snx41 play a large role in preventing delivery of Atg27, Pmp2 and Sft2 to the vacuole. Atg20 also influences the localization of Sft2, but has a distinct mislocalization phenotype and may act at a different step. Interestingly, FM4-64 itself appeared to accumulate in the vacuole to a greater extent in snx4 and snx41 deletions, suggesting these mutations affect the recycling of both proteins and lipids.
| Identification of novel retromer-dependent cargo
Of the 19 Snx3-independent retromer hits from our screen, 3 uncharacterized multipass membrane proteins-Ato3, Ymd8 and Ymr253c-were selected for validation ( Figure 3A ). Ato3 is a putative outward ammonium transporter that localizes to intracellular puncta, and increases in abundance and shifts to the plasma membrane under high ammonium concentrations. 27, 29, 37, 38 Ymd8 is a Golgi-localized protein homologous to sugar transporters that may play an indirect role in regulating uridine diphosphate (UDP)-glucose secretion. 39, 40 Ymr253c is a protein of unknown function that belongs to the acyl- A B C C
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Localization of each GFP-tagged protein to intracellular puncta was specifically disrupted in the vps35 retromer mutant, and this phenotype was complemented by a plasmid expressing VPS35 ( Figure 3A ).
Ato3-GFP was diffuse in vps35 mutants, whereas Ymd8-GFP and Ymr253c-GFP accumulated at the vacuole, where they colocalized with CMAC and FM4-64 ( Figure 3B ,D). The number of Ymd8-GFP and Ymr253c-GFP puncta per cell was reduced in a vps35 deletion by 66% (P < 3 × 10 −4 ) and 73% (P < 6 × 10 −5 ), respectively ( Figure 3C , E). In contrast, the number of puncta per cell deviated by less than 10% for both proteins in a snx3 deletion. The colocalization of Ymd8-GFP puncta with a Golgi (Sec7-RFP) or an endosomal marker (Vps8-RFP) was not significantly altered in snx3 cells, although there was a slight trend towards increased colocalization with endosomes that might reflect a subtle defect in recycling to the Golgi ( Figure S2B ,C).
The increase in vacuolar accumulation of Ymd8-GFP and
Ymr253c-GFP in the vps35 background was 25% (P < .03) and 36%
(P < .02), respectively, whereas a snx3 deletion had no effect ( Figure S2D ,E). It is not surprising that a~70% loss of puncta caused a~25% increase at the vacuole, because a large reduction in the intensity of small puncta is expected to result in a proportionately smaller increase in the integrated intensity of the much larger vacuoles. Taken together, these results show that Ato3, Ymd8 and Ymr253c are strongly dependent on retromer for localization to intracellular puncta but do not require the Snx3 adaptor to avoid accumulation and/or degradation in the vacuole.
| Identification of novel cargo dependent on both retromer and Snx3
Our initial screen identified 5 proteins that required Snx3 in addition to retromer subunits for their localization. Kex2 is a known cargo 25 and Neo1 will be addressed elsewhere (Dalton et al, in preparation).
We focused on validating the putative cargo proteins Aqr1, Ear1 and Itr1 ( Figure 4A ). Aqr1 is a plasma membrane transporter of the major facilitator superfamily that is involved in the excretion of amino acids. 42, 43 Ear1 acts redundantly with Ssh4 at endosomes to target proteins for ubiquitination by Rsp5 for sorting into multivesicular bodies. 44 Itr1 is a myo-inositol transporter that is a member of the sugar transporter superfamily. 45 Each of these GFP-tagged proteins labeled puncta in wild-type strains, though Aqr1-GFP and Itr1-GFP also localized to the plasma membrane ( Figure 4A ). All 3 showed sorting defects in vps35 or snx3 strains, which were complemented by plasmids expressing VPS35 or SNX3, respectively. These defects were quantified as a decrease in the number of puncta per cell. A total of 25% (P < .023) of Aqr1-GFP puncta were lost in a vps35 deletion and 24% (P < .0053) were lost in a snx3 deletion ( Figure 4B ,C). Deletion of VPS35 or SNX3 reduced the number of Ear1-GFP puncta per cell by 77% (P < .046) or 58% (P < .050), respectively ( Figure 4D ,E). Interestingly, we also observed a measurable shift of Ear1-GFP from the vacuolar lumen to the vacuolar rim. The ratio of vacuolar rim to vacuolar lumen increased by 42% (P < .041) and 47% (P < .010) in vps35 and snx3 strains, respectively ( Figure S2D ). This suggests that retromer and Snx3 also promote the entry of Ear1-GFP into luminal vesicles at the multivesicular body. Together, these results indicate that Aqr1-GFP, Ear1-GFP and Itr1-GFP represent new retromer and Snx3-dependent cargo proteins.
| C-terminal cytosolic tails of selected cargo impart retromer and Snx3-dependent sorting
Previous studies identified motifs in the cytoplasmic tails of cargo proteins responsible for retromer-dependent sorting. 20, 46 These tails were sufficient for sorting when transplanted to a truncated form of the carboxypeptidase Y (CPY) receptor Vps10 lacking its cytoplasmic tail. 3 We applied this strategy to identify sorting signals in 3 retromer cargosEar1, Ymd8 and Ymr010w-that localized to puncta and had clear reductions in puncta per cell in a vps35 strain ( Figures 3A and 4A) , providing a convenient measure of sorting defects. Ymd8 and Ymr010w
are multipass membrane proteins with several cytosolic loops. To identify cytosolic domains sufficient for sorting nexin-dependent trafficking, we first created chimeras that consisted of the luminal and transmembrane N-terminal regions of Vps10 fused to the C-terminal cytoplasmic tails of each cargo, followed by a GFP tag ( Figure 5A,B) . 
-chloromethylcoumarin (CMAC). C, Mislocalization of Ymd8-GFP in the vps35
and snx3 backgrounds quantified as a decrease in puncta per cell. Paired twotailed t test; n = 3, cells/strain/ replicate ≥ 1196; **P < .01, ***P < .001. D, Ymr253c-GFP accumulates in FM4-64 and CMAC-labeled vacuoles in the vps35 background. E, Quantitation of Ymr253c-GFP puncta per cell. Paired twotailed t test; n = 3, cells/strain/ replicate ≥ 1105; *P < .05, ****P < .0001. Scale bars = 2 μm, Error bars = standard error of the mean (SEM).
As a control, we first quantified the localization of Vps10-GFP, which was found in puncta in wild-type cells ( Figure 5C ).
These puncta showed a dramatic 75% decrease in vps35 strains (P < .0082), and a mild, but still significant, decrease in snx3 strains (21%; P < .027) ( Figure 5D ). These results are consistent with previous work showing that Vps10 is subject to retromerdependent sorting 23, 24 and that Vps10 function is slightly defective in a snx3 mutant. 25 In contrast to full-length Vps10-GFP, Vps10 missing its C-terminal tail (Δ1422-1579) was mislocalized to the vacuole in wild-type, vps35, or snx3 strains ( Figure 5C ), confirming that the tail is required for sorting, as previously described.
20
The 3 chimeras containing Ear1, Ymd8 and Ymr010w cytosolic tails all localized to puncta in a retromer-dependent manner ( Figure 5E -J). The number of puncta per cell was lower for the Ear1 chimera (~1.3 puncta/cell) relative to Vps10-GFP (2.1 puncta/cell).
The punctate localization of the Ear1 chimera was dependent on both
Vps35 and Snx3 as loss of these proteins led to a 40% (P < .040) and 55% (P < .030) respective decrease in puncta per cell ( Figure 5F ).
Thus, the Ear1 tail chimera exhibited the same sorting nexin specificity as endogenous Ear1.
Both Ymd8 and Ymr010w tail chimeras localized to a number of puncta similar to full-length Vps10 (2.1 and 2.4 puncta/cell, respectively). Unexpectedly, these 2 chimeras localized to puncta in wild-type cells, but were missorted to the vacuole in vps35 or snx3 cells ( Figure 5G -J), in contrast with the endogenous proteins, which
were not SNX3-dependent ( Figures 3C and 5G,I ). The Ymd8 chimera lost 51% (P < .021) and 64% (P < .020) of puncta per cell in vps35
and snx3 strains, respectively ( Figure 5H ) while Vps10-Ymr010w-GFP lost 73% and 45% of puncta per cell ( Figure 5J 
| Identification of cargo sorting signals
To identify sorting signals within the cytoplasmic tails of Ear1, Ymd8
and Ymr010w, we aligned the sequences of these proteins with homologs from other yeast species and searched for short (3) (4) (5) (6) (7) (8) amino acids) conserved motifs embedded in unstructured or less conserved regions, which often act as sorting signals 47 ( Figures S3A-C and 6A). The conserved sequences identified in each protein contained at least 1 aromatic residue, a feature of previously identified retromer sorting motifs. 48 For example, the Ymd8 tail contains conserved YSIxxD and QEYELxxI sequences ( Figure S3A ), while
Ymr010w has an ExYELxxF motif ( Figure S3B ) and Ear1 contains a FEFTxS sequence ( Figure S3C ). The locations of these motifs are highlighted in Figure 6A .
Each sequence contains a ϕx(F/L) motif, where ϕ is an aromatic residue. In order to test if these sequences are necessary for retromer-mediated sorting, we mutated 3 consecutive residues in each motif to alanine in the context of the GFP-tagged Vps10-tail chimeras. We determined that an Ear1 tail chimera lacking the only WT vps35Δ snx3Δ
FIGURE 5 Cytoplasmic tails are sufficient for retromer-dependent sorting. A, Schematic of the chimera localization assay. The luminal and transmembrane domains of Vps10 were fused to the cytosolic tail of the cargo protein and green fluorescent protein (GFP). If the tail is sufficient for sorting the chimera is expected to localize to puncta. B, The regions of proteins used to construct chimeras. C, Vps10-GFP expressed on a plasmid from the VPS10 promoter localizes to puncta in a retromer-dependent manner. In contrast, truncated Vps10-GFP (Vps10 ΔCt ) lacking the last 140 residues localizes to the vacuole. D, Quantitation of Vps10-GFP puncta per cell. Paired two-tailed t test; n = 3, cells/ strain/replicate ≥ 1652; *P < .05, **P < .01. E, Both endogenous Ear1-GFP and the Vps10-Ear1-GFP chimera localize to puncta in wild-type cells to a greater degree than in vps35 or snx3 cells. F, Quantitation of Vps10-Ear1-GFP puncta per cell. Paired two-tailed t test; n = 3, cells/ strain/replicate ≥ 1761; *P < .05. G, Localization of endogenous Ymd8-GFP and plasmidexpressed Vps10-Ymd8-GFP. H, Quantitation of Vps10-Ymd8-GFP puncta per cell shows there is a loss of puncta in vps35 or snx3 strains. Paired two-tailed t test; n = 3, cells/strain/ replicate ≥ 1160; *P < .05. I, Localization of endogenous Ymr010w-GFP and plasmid expressed Vps10-Ymr010w-GFP. J, Quantitation of Vps10-Ymr010w-GFP puncta per cell shows a dependence on retromer and Snx3 for localization. Paired two-tailed t test; n = 3, cells/ strain/replicate ≥ 1306; *P < .05. Scale bars = 2 μm, Error bars = standard error of the mean (SEM).
known domain in the tail, the protein-binding SPRY domain (Δ68-409; ΔSPRY), localized to puncta ( Figure 6B ), suggesting the sorting signal lies outside this domain. Mutation of FEF 458 in both the Vps10-Ear1-GFP and Vps10-Ear1ΔSPRY-GFP chimeras caused a striking loss of puncta ( Figure 6B ). Similarly, mutation of the Ymd8 YEL 428 or Ymr010w YEL 363 sequences caused mislocalization of Vps10-Ymd8-GFP and Vps10-Ymr010w-GFP, respectively. In contrast, mutating the Ymd8 YSI 417 motif had no effect on the distribution of Vps10-Ymd8-GFP ( Figure 6B ). This suggests that the YEL 428 motif, and not the YSI 417 motif, is important for Ymd8 localization.
To determine if these motifs drive endosome-to-Golgi recycling, we used a functional assay based on the sorting of the soluble vacuolar hydrolase CPY. After recognizing CPY at the Golgi and delivering it to endosomes, 20 Vps10 is recycled back to the Golgi to carry out additional rounds of transport. 7 If recycling is disrupted, CPY is secreted from the cell. We tested the function of the Vps10 chimeras in a vps10 strain expressing a CPY-invertase reporter protein, which allows secretion to be quantified by a colorimetric assay. 49 As expected, deletion of VPS10Δ caused a dramatic increase in secreted invertase activity, from 2 to 155 nmol glucose/min/optical density (OD) 600 , and this was largely complemented by Vps10-GFP ( Figure 6C ).
All Vps10 chimeras significantly rescued CPY-invertase sorting, though the degree of rescue ranged from 52% to 80%
depending on the tail sequences present ( Figure 6C ). The Vps10-Ymd8-GFP and Vps10-Ymr010w-GFP chimeras conferred efficient sorting, and this was largely abolished by mutation of their respective YEL 428 and YEL 363 motifs, which caused a striking 4-fold increase in the amount of invertase activity (P < .0001).
Residual sorting by the mutant chimeras could reflect the fact that they are transported to the vacuole at least once. 20 In contrast, chimeras with a wild type Ear1 tail conferred only a 52% rescue of sorting, and mutation of the FEF 458 motif caused a sorting defect that, while significant (P < .0001), was more subtle. 
| DISCUSSION
By screening more than 160 potential sorting nexin cargos, we identified 27 high confidence hits that represent an expanded set of putative cargo for retromer, Snx3, Mvp1 and Snx4/41. This list is not exhaustive, given that we screened only those membrane proteins that were localized to post-Golgi compartments by Huh et al. 29 Some cargo may have been absent from this dataset, or difficult to visualize because of low abundance. Surprisingly, many of the potential cargo proteins that were tested did not appear to depend on any sorting nexin for localization. Some proteins are internalized and recycled only under specific nutrient conditions, or in response to other stimuli. 3 Other cargos may follow redundant sorting pathways. For example, Can1 is sorted by both Snx4/Snx41/Atg20 and retromer, and a stronger defect is apparent when both sorting pathways are disabled. 11 Other proteins may be recycled to the Golgi in a sorting nexin-independent manner by coat protein 1 (COPI) or adaptor protein 1 (AP-1).
50,51
Atg27, Pmp2 and Sft2 represent a significant expansion in the number of known Snx4 cargo proteins. Sft2 is of particular interest, as its sorting into vesicles by the Snx4 machinery may enable their fusion with the Golgi. 36 Previously, Hettema et al observed that Snx4
forms separate complexes containing Snx41 or Atg20. 10 Interestingly, the new cargos primarily depended on Snx4/41 for their localization.
Can1 was also reported to have a less severe sorting defect in atg20 compared with snx41 mutants. 11 In contrast, Atg20 is more important than Snx41 for the sorting of Snc1 10 (and data not shown), and only Atg20 is involved in the cytoplasm-to-vacuole pathway. Thus the 2 Snx4-containing complexes may have different cargo-binding properties or work in different pathways.
We were unable to identify a Snx4 sorting motif, because the cytoplasmic domains of the Snx4 cargo we identified (N and Cterminus of Sft2, or C-terminus Pmp2) did not confer Snx4-dependent recycling when transplanted to a chimeric protein (unpublished results). Features in the transmembrane domains of these cargos could be required for sorting, as was found for Snc1. 26 Changes to the transmembrane domain could alter the conformation of the cytosolic tail, influence access to a lipid microdomain, or block interactions with a membrane-associated sorting receptor that in turn is recognized by Snx4. However, such a sorting mechanism must be highly selective, as only a few proteins showed Snx4 dependence in our screen.
We successfully identified cytosolic regions sufficient for retromer-dependent localization in 3 proteins (Ear1, Ymd8, Ymr010w), and found that key residues required for the sorting of each protein match a shared consensus. That Ear1 localization is retromer and Snx3-dependent provides a possible link between retromer-mediated recycling and targeted ubiquitin-mediated sorting into multivesicular bodies. Ear1 functions at endosomes by binding specific target proteins through its SPRY domain and linking them to Rsp5 for ubiquitination. 44 The recycling signal we identified was close to the PPxY motifs that recruit Rsp5, suggesting the Ear1-Rsp5 complex may be less efficiently sorted into retromer tubules. This would ensure that Rsp5 is present at globular parts of endosomes, where substrates are targeted into the multivesicular body (MVB). However,
we saw a more pronounced localization of Ear1 to the vacuole rim in 
| MATERIALS AND METHODS
| Yeast strains and plasmids
The yeast strains and plasmids used are listed in Tables S3 and S4, respectively. All strains were made by homologous recombination. 54 
| Creation of mutant arrays
Potential cargo proteins were selected that contained at least 1 transmembrane domain that had been experimentally verified, or was predicted by at least 2 of 4 prediction algorithms (Phobius, SCAMPI, TMHMM, MemPype). This list was further narrowed to include 167 proteins that localized to endosomes, Golgi compartments, the cell periphery or composite punctate structures when C-terminally tagged with GFP. 29 The Nourseothricin-dihydrogen sulfate resistant (NATR)-marked sorting nexin deletions, or the wild-type control with a NATR plasmid, were then mated to the GFP-tagged "cargo" array.
Haploid strains carrying the GFP-tagged cargo and sorting nexin deletions were generated using the synthetic genetic array procedure After this incubation period the media was aspirated, 150 μL of media containing 100 μM CMAC (Setareh) was added, and the plates incubated at 30 C for 30 minutes. Lastly, the CMAC media was removed and 150 μL of synthetic complete media was added to each well. Imaging was performed as described above.
| Quantitation of microscopy images
Five parameters were quantified for each image: number of live cells, puncta per cell, GFP colocalization with FM4-64, GFP colocalization with CMAC and GFP colocalization with both FM4-64 and CMAC.
Image analysis was carried out using custom MetaMorph 7.7 journals.
Live cells were identified and counted using the Count Nuclei application on the GFP channel to identify and mask all cells (lower threshold) and remove dead cells (high threshold). All puncta in the GFP channel in live cells were identified using the Granularity application, and divided by the number of live cells to obtain the number of puncta per cell.
To measure colocalization, we used the percent of total GFP fluorescence within cells that overlaps with a given dye. Total fluorescence was measured from GFP images of live cells identified as described above. A mask for the FM4-64-stained structures (vacuolar rims) was made by running 2D deconvolution to reduce noise and then thresholding the FM4-64 channel. A CMAC mask was made by using Count Nuclei to identify CMAC-labeled structures (vacuolar lumen). These masks were combined with a LogicalAND function.
The percent of GFP integrated intensity within live cells that overlapped with the dye-labeled vacuolar structures was measured to assess the degree of colocalization. Because the brightness of the GFP-tagged proteins and dyes varied significantly from day to day, all comparisons were made between paired samples acquired on a given day, and a two sided paired t test was used to assess the statistical significance of differences between mutants.
| Liquid invertase assay
The colorimetric liquid invertase assay used here is based on the assays described by Darsow et al 49 and Dalton et al. 58 First, over- 
